Background/Aims: Patients with diabetes mellitus have a higher risk of dental implant failure. One major cause is high-glucose induced oxidative stress. Alpha-lipoic acid (ALA), a naturally occurring compound and dietary supplement, has been established as a potent antioxidant that is a strong scavenger of free radicals. However, few studies have yet investigated the effect of ALA on osteogenic differentiation of osteoblasts cultured with high glucose medium. The aim of this study is to investigate the effects of ALA on the osteoblastic differentiation in MC3T3-E1 cells under high glucose condition. Methods: MC3T3-E1 cells were divided into 4 groups including normal glucose (5.5 mM) group (control), high glucose (25.5 mM) group, high glucose + 0.1 mM ALA group, and high glucose + 0.2 mM ALA group. The proliferation, osteogenic differentiation and mineralization of cells were evaluated by MTT assay, alkaline phosphatase (ALP) activity assay, alizarin red staining and real time-polymerase chain reaction. High-glucose induced oxidative damage was also assessed by the production of reactive oxygen species (ROS) and superoxide dismutase (SOD). Western blots were performed to examine the role of PI3K/Akt pathway. Results: The proliferation, osteogenic differentiation and mineralization of MC3T3-E1 cells were significantly decreased by the ROS induced by high-glucose. All observed oxidative damage and osteogenic dysfunction induced were inhibited by ALA. Moreover, the PI3K/Akt pathway was activated by ALA. Conclusions: We demonstrate that ALA may attenuate high-glucose mediated MC3T3-E1 cells dysfunction through antioxidant effect and modulation of PI3K/Akt pathway.
Alpha-Lipoic

Introduction
The application of implant therapy in dentistry has offered viable solutions for the rehabilitation of edentulism and has been widely used as an attractive substitute to the traditional fixed/removable prosthesis [1] . The success of titanium implants is directly related to how quickly and completely the surrounding tissues grow in close apposition to the implant, via the process of osseointegration as defined by direct bone-to-implant contact and bone tissue growth surrounding the implant. The process of osseointegration must be initiated when the implant is initially placed into a prepared surgical site and then maintained. Moreover, the process is largely dependent on the proliferation and differentiation of osteoblasts [2, 3] . Systematic reviews have reported high clinical success rates for implantsupported restorations in generally healthy individuals [4, 5] .
However, many systemic diseases such as osteoporosis, diabetes, and autoimmune diseases may interfere with the implant osseointegration [6] . Researches have shown that diabetes caused a higher failure rate of implants and poorer bone-implant integration [7, 8] . Type 2 diabetes mellitus, accounts for approximately 90-95% of the patients with the disease, is a metabolic disorder characterized by hyperglycemia resulting from peripheral insulin resistance with relative insulin deficiency [9] .
Chronic hyperglycemia, pathognomonic of diabetes mellitus, is known to have an adverse impact on bone healing process, such as vascularization, clot formation, and bone matrix synthesis. For those who fail to control their glucose levels, the attendant uncontrolled hyperglycemia is considered a contra-indication for dental implant placement [10] . Studies have shown that hyperglycemia leads to an increased production of reactive oxygen species (ROS) in osteoblasts, which subsequently disrupts the cellular oxidant-antioxidant balance [11, 12] . Hyperglycemia-induced ROS have been proposed to be generated via several mechanisms including formation of increased advanced glycation end-products (AGEs), increased polyol pathway flux, activation of protein kinase C isoforms, glucose autoxidation, and mitochondrial overproduction of superoxide under diabetic conditions. Other circulating factors that are elevated in diabetes, such as free fatty acids and leptin, also contribute to increased ROS generation [13] .
Alpha-lipoic acid (ALA), also called thioctic acid, is chemically named 1,2-dithiolane-3-pentanoic acid, which can be detected naturally in fruits, vegetables, and synthesized in animals and humans. ALA is a naturally occurring essential coenzyme in mitochondrial multienzyme complexes and acts as a key player in mitochondrial energy production [14] . Various experimental models have demonstrated that ALA, as a universal antioxidant, can effectively inhibit pathologies in which reactive oxygen species (ROS) have been implicated, such as ischemia-reperfusion injury, radiation injury and diabetes induced oral implant failure [15, 16] . Furthermore, ALA has received much attention because of its effects on osteoblasts and osteoclasts due to its strong anti-oxidative activity [17] .
To our limited knowledge, there have been few studies indicating the effects of ALA on the osteoblastic differentiation of osteoblasts under high glucose condition. In addition, MC3T3-E1 osteoblast-like cell line culture system represents a very useful model for studying the process of osteoblast function [18] . Therefore, the aim of our study was to observe the protective effects of ALA against high glucose-induced ROS production using osteoblast-like MC3T3-E1 cells, and explore the regulatory mechanism of PI3K/Akt signaling pathway, thus providing theoretical basis for the clinical applications of ALA.
Materials and Methods
Cell culture MC3T3-E1 cells (purchased from the Cell Bank of the Chinese Academy of Sciences) were cultured in α-MEM (HyClone, Logan, UT, USA) mineralizing medium containing 10% fetal bovine serum, 1% penicillin-streptomycin, 100 mg/ml ascorbic acid, 10mM b-glycerophosphate phosphate and 1 × 10 −8 M dexamethasone in 5% CO2 at 37˚C. The cells were subsequently divided into 4 experimental groups [19, 20] : (1) the control group: normal glucose (5.5 mM) α-MEM alone (NG), (2) the high glucose group: high glucose (25.5 mM) α-MEM alone (HG), (3) the 0.1 mM ALA group: high glucose α-MEM + 0.1 mM ALA (HG+) and (4) the 0.2 mM ALA group: high glucose α-MEM + 0.2 mM ALA (HG++).
Cell viability assay
The MTT (3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was used to estimate the proliferation of osteoblasts under high glucose conditions. Briefly, the cells were plated in 96-well plates at a density of 1 × 10 4 cells/well into 5 repeat wells. After being cultured for 24 h, the cells were serumstarved overnight in α-MEM with 0.5% fetal bovine serum and then replaced with 4% serum medium containing normal (5.5 mM) or high levels of glucose (25.5 mM) and treated with different concentrations of ALA (0.1, 0.2 mM) for 3, 7, 10 and 14 days. The absorbance values were read at 570 nm using an automated microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Measurement of ROS and Superoxide Dismutase (SOD) production
The cells were plated in 24-well plates at a density of 1 × 10 5 cells/well into 3 repeat wells. After the cells had attached, the medium was replaced with new medium containing 4% FBS and normal (5.5 mM) or high (25.5 mM) amounts of glucose, as well as with or without the various concentrations of ALA (0.1, 0.2 mM) for 72 h. The level of ROS was tested using the fluorescent probe, 2,7-dichlorofluorescein diacetate (DCFH-DA) (Beyotime Institute of Biotechnology, China). Briefly, DCFH-DA, diluted to a final concentration of 10 μM, was added to the cells, which were then incubated for 20 min at 37°C in the dark. After being washed twice with serum-free medium, the cells were digested for the detection of ROS levels using Synergy HTX microplate reader (BioTek Instruments Inc., Winooski, VT, USA) with the excitation set at 488 nm and the emission at 525 nm. The SOD activity was detected by Total Superoxide Dismutase Assay Kit with WST-8 (Beyotime Institute of Biotechnology, China) according to the manufacturer's protocols, and the absorbance values were read at 450 nm using an automated microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Alkaline phosphatase (ALP) assay
The cells (1 × 10 5 cells/well) were cultured on 24-well plates into 3 repeat wells for 24 h, the medium was then changed to new medium with 4% FBS and normal (5.5 mM) or high (25.5 mM) levels of glucose as well as with or without ALA (0.1, 0.2 mM), and cultured for 3, 7, 10 and 14 days. ALP activities in the culture supernatants were determined by measuring hydrolysis of p-nitrophenyl phosphate according to the manufacturer's instructions (Beyotime Institute of Biotechnology, China).
Mineralization assay
The cells were seeded on 24-well plates at a density of 1 × 10 5 cells/well into 3 repeat wells with α-MEM containing 4% FBS and normal (5.5 mM) or high (25.5 mM) levels of glucose as well as with or without ALA (0.1, 0.2 mM). After 21 days, the mineralized nodule formation was detected using Alizarin Red staining. Briefly, cells were rinsed twice with phosphate buffered saline followed by fixation with 4% Paraformaldehyde for 30 min at room temperature. Then cells were stained with 2% Alizarin Red-S (pH 4.2; Sigma, St. Louis, MO, USA) for 20 min at room temperature and extensively rinsed with distilled water. For quantification, the bound stain was eluted with 10% (wt/vol) cetylpyridinium chloride and the absorbance of supernatants was measured by the automated microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA) at 570 nm.
Quantitative real-time reverse transcription PCR (qRT-PCR)
To detect the expression of osteogenic markers including bone morphogenetic protein 2 (BMP-2), collagen type I (COL-I), alkaline phosphatase (ALP), runt-related transcription factor 2 (Runx2), bone sialoprotein (BSP) and osteocalcin (OCN), total RNA was extracted using the Trizol reagent (Takara Bio Inc., Japan) and cDNA was synthesized from 2 μg of total RNA using PrimeScript RT Reagent Kit (Takara Bio Inc., Japan) according to the manufacturer"s instructions. Realtime polymerase chain reaction (PCR) was performed using SYBR greenbased PCR master mix kit (Takara Bio Inc., Japan) on a Rotor-Gene 3000 realtime PCR system (Corbett Research Inc., Australian). The PCR conditions were as follows: initial denaturation at 95°C for 30sec followed by 40 cycles, each of 95°C for 5sec and 60°C for 30 sec. Fluorescence signal was monitored at 585nm during each extension. The specific primers were synthesized commercially from Sangon Biotech Inc (China) and shown in Table 1 . The gene expression levels were analyzed using the 2 -△△CT method and determined relative to housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The fold change from control values was set at 1-fold, and the fold change relative to the control values was obtained and used to express the change in gene expression.
Western Blot Analysis
The cells (1 × 10 6 cells/well) were plated in 6-well plates into 3 repeat wells for 24h, and then replaced with 4% serum medium containing normal (5.5 mM) or high levels of glucose (25.5 mM) as well as with or without ALA (0.1, 0.2 mM) for 10 days. Subsequently, cells were rinsed twice using ice-cold Table 1 . Primers used for qRT-PCR Assay PBS and scraped on ice into RIPA lysis buffer. The protein was collected by centrifugation (12,000 rpm) at 4°C for 15 minutes. Protein samples were separated with 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel for 2 hours and transferred onto a polyvinylidene difluoride membrane (Millipore Corp., Bedford, MA, USA). After blocking non-specific-binding sites with 5% nonfat milk for 60 minutes at room temperature, the membranes were incubated overnight at 4°C with a primary monoclonal antibody against p-Akt (Ser473) at 1:2000 dilution or Aktat 1:1000 dilution (Cell Signaling Technology, Beverly, MA, USA), followed by horseradish peroxidase-conjugated goat antirabbit IgG secondary antibody (Cell Signaling Technology) at 1:5000 dilution for 60 minutes at room temperature after being washed 3 times with TBST for 10 minutes each. The membranes were then washed 3 times with TBST and the immunoreactive bands were visualized using a chemiluminescence (ECL) kit (Biomiga, Inc., San Diego, CA, USA). The intensity of the protein bands was quantified by densitometric scanning using ImageJ software and normalized to GAPDH (Zhong Shan-Golden Bridge Technology Inc., Beijing, China).
Statistical analysis
All statistical analyses were performed using the SPSS 17.0 statistical software. Data were expressed as the means ± standard deviation (SD). Statistical analyses were carried out using one-way ANOVA and Student's t test. Differences between groups were considered significant at P < 0.05.
Results
Cell viability
High glucose inhibits osteoblast proliferation but this effect is reversed by treatment with ALA. As shown in Fig. 1A , the number of cells in the control (NG) group was increased gradually from days 3 to 10, but the rate of rise was slowdown from days 10 to 14. However, the HG group exhibited significantly lower growing cells than the control group (P < 0.01), and the cells present negative growth from days 10 to 14. ALA (0.1, 0.2 mM) significantly increased the survival of MC3T3-E1 cells in a dose-dependent manner (vs. HG group, P < 0.01).
ROS and Superoxide Dismutase (SOD) production
ALA inhibits high glucose-induced ROS production and meanwhile stimulates the SOD production. Results showed that high glucose resulted in a marked increase in intracellular ROS production in MC3T3-E1 cells (vs. Control, P < 0.01); however, ALA (0.1, 0.2 mM) significantly reduced intracellular ROS production compared to the HG group (P < 0.01), as shown in Fig. 1B . Oxidative stress induced by high-glucose was marked by decreased the expression of the anti-oxidative defense enzyme of SOD (Fig. 1C , vs. Control, P < 0.01). However, treatment with ALA significantly reversed the effects of high-glucose (vs. HG group, P < 0.01).
ALP activity
The effect of ALA on the activity of ALP, one of the representative markers for an early stage of osteoblastic differentiation, was investigated. As shown in Fig. 1D , the ALP activity after treatment with ALA in a dose-dependent manner. To assay the association between PI3K/Akt signaling and ALA-induced osteogenic differentiation of MC3T3-E1 cells, cells were pretreated with 10 mM of Akt inhibitor (LY294002, Sigma) before ALA (0.2mM). We found that the increased expression of ALP mRNA induced by ALA was significantly attenuated by addition of LY294002 (Fig. 4B, P < 0.01) .
Discussion
Bone healing around titanium implants and at fracture sites is recognized to follow a sequential and overlapping series of events [21] . On placement of the implant into the prepared alveolar socket, haemostasis and clot formation are followed by the recruitment of inflammatory cells to the wound site, collectively providing the source of growth factors, cytokines and chemokines. The signaling milieu promotes the wound healing events associated with fibrolysis and the migration of mesenchymal cells to the site to synthesis a loose connective tissue capable of supporting angiogenesis. Undifferentiated mesenchymal cells migrate into the site, attach, proliferate and differentiate down osteogenic lineages, which were then differentiate into osteoblasts in the foetal connective tissue matrix, followed by initiate bone matrix formation and mineralization.
Hyperglycemia associated with diabetes has been proved to be responsible for delayed bone healing, and it has the potential to affect a number of stages in the bone healing process, such as vascularization, clot formation, and bone matrix synthesis [22] . Researches [23, 24] have reported that hyperglycaemia reduce the rate of bone formation markers including osteocalcin, bone-specific alkaline phosphatase (bALP) and procollagen type 1 Nterminal propeptide (PINP). Our studies also have demonstrated that high-glucose significantly inhibited the proliferation, osteogenic differentiation, and mineralization of MC3T3-E1 cells. One major cause may be related by the over-production of reactive oxygen species (ROS) induced by hyperglycemia, which subsequently disrupts the cellular oxidant/ antioxidant balance [25, 26] . Our studies have yielded the same conclusion that high-glucose significantly promoted the production of ROS and meanwhile observably down-regulated the anti-oxidative defense enzyme of SOD. ROS consist of oxygen free radicals and other chemical entities such as superoxide free radicals, hydrogen peroxide, singlet oxygen, nitric oxide (NO), and peroxynitrite [27] . It is now widely accepted that ROS can cause severe damage to DNA, proteins, and lipids. ROS can lead to a reduction of cell proliferation, apoptosis, cell cycle arrest, and modulation of differentiation [28] . Concerning bone metabolism, in vitro studies have shown that oxidative stress inhibits osteoblastic differentiation and induces osteoblast insults and apoptosis [29, 30] . Thus, oxidative stress may be related to the pathogenesis of diabetic bone disorder. In line with above researches, our experiments showed that the viability of cells was significantly inhibited by high-glucose, and presented negative growth from days 10 to 14. And also, the ALP activity and the COL-1 mRNA expression were greatly decreased in the HG group, and the peck times of both were postponed by high glucose, indicating that the osteogenic differentiation and bone matrix formation were inhibited by the high-glucose. Moreover, the mineralization nodules and the mRNA expression levels of BMP-2, ALP, Runx2, BSP and OCN were also significantly down-regulated by high-glucose, indicating that highglucose restrained the osteogenic mineralization process.
Alpha-lipoic acid (ALA) attenuates bone loss by quenching oxidative stress. The potency of ALA for scavenging certain ROS and peroxynitrite and mitigating inflammationinduced bone loss has been demonstrated in several models [31] . Radzki et al. [32] used an ovariectomized rat model showed that ALA applied to the ovariectomized rats in the dose of 50 mg/kg not only stopped the bone resorption, but stimulated its formation. Cell culture studies suggest that [33] media supplementation with ALA (0.1 -1 mM) can protect osteoblasts from the damaging effect of extracellular ROS by restoring endogenous antioxidant defences and raised alkaline phosphatase activity, meanwhile up-regulated key genes involved in bone mineralization, i.e., collagen type-I and osteocalcin. The exact regulatory mechanism of ALA on these genes is currently unknown; however, available evidence suggests that the ROS scavenging properties of ALA/DHLA may be critically important [34] . Similar with above results, our experiments shows that the increased ROS and decreased SOD production induced by high-glucose were significantly reversed by ALA (0.1, 0.2 mM) treatment. Meanwhile, the proliferation, osteogenic differentiation, and mineralization of MC3T3-E1 cells were obviously promoted by ALA in a dose-dependent manner. Therefore, our studies demonstrated that ALA attenuates the adverse effect of ROS induced by high-glucose on MC3T3-E1 cells.
The biological behavior of osteoblasts is closely connection with the cell signaling pathways. Among them, the PI3K/AKT signaling pathway plays an important role on the proliferation and mineralization of osteoblasts [35] . PI3K is a heterodimeric enzyme important for proliferation and apoptosis, while Akt is a downstream serine-threonine kinase that transmits survival signals from growth factors [36] . The PI3K/AKT signaling pathway is the major effector of metabolic insulin action, which is involved in several fundamental cellular processes, including cell proliferation, mineralization, gluconeogenesis, glycogen synthesis and so on [37] . Kawamura et al. [38] reported that PI3K/Akt pathway and its downstream targets are critical regulators of bone resorption and bone formation. In this study, we found that high-glucose significantly inhibited the expression level of P-Akt compared to the control group. However, ALA reversed the negative effect of highglucose. Also we found that ALA increased expressions of ALP mRNA in HG group, however, pretreatment with LY294002 could eliminate positive effects of ALA, suggesting that ALA promotes oeteogenic differentiation of MC3T3-E1 cells under high-glucose condition partly by modulation of PI3K/Akt pathway.
In conclusion, the findings of our study demonstrated that ALA inhibited high glucose induced ROS production and stimulated proliferation, differentiation and mineralization of MC3T3-E1 cells through the modulation of PI3K/Akt pathway. However, the in vitro studies cannot mimic in vivo conditions. Therefore, further researches are required to clarify the in vivo actions and mechanisms.
